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Maize kernel is an important source of food, feed, and industrial raw materials. The elucidation of the molecular mechanisms of maize kernel
development will be helpful for the manipulation of maize improvements. A microarray with approximately 58,000 probes was used to study
dynamic gene expression during kernel development from fertilization to physiological maturity. By comparing six consecutive time points, 3445
differentially expressed genes were identified. These genes were then grouped into 10 clusters showing specific expression patterns using a K-means
clustering algorithm. An investigation of function and expression patterns of genes elucidate the regulation mechanism underlying the important
developmental processes cell division and kernel filling. The differential expression of genes involved in plant hormone signaling pathways
suggested that phytohormone might play a critical role in the kernel developmental process. Moreover, regulation of some transcription factors and
protein kinases might be involved in the whole developmental process.
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industrial raw materials. The elucidate of the molecular
mechanisms of maize kernel development will be helpful not
only for themanipulation ofmaize improvements but also for the
elucidation of the seed development of other angiosperms. As a
typical angiosperm, the maize kernel consists of three
components: embryo, endosperm, and pericarp. The embryo
and endosperm represent the outcomes of double fertilization,
which are produced uniquely in angiosperms. The endosperm is
the main storage site of starches and proteins, whereas the
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doi:10.1016/j.ygeno.2007.12.002radhering tissue derived from the ovary wall, is fused to the seed
coat at maturity and forms the outer covering of the kernel. The
entire process of kernel development can be roughly divided into
five stages: cell division, cell enlargement, deposition of
reserves, maturation, and desiccation [1]. Cell division and
kernel filling represent the main biological processes of kernel
development [2].
Many genes involved in maize kernel development including
those associated with the development of embryos and endo-
sperms (e.g., ZmHOX, ZmOCL1, KN1, ESR, BETL, and BAP;
reviewed in [3,4]), starch synthesis (e.g., BT, DU, SH, SU, and
WX; reviewed in [5]), and storage protein synthesis (O2, FL2,
MC, and De⁎-B30;) [6–9] have been identified. Genes as-
sociated with defective kernels such as MN1, RGF1, and BSLL
have also been identified [9–11]. Although these researches
have greatly increased elucidation of kernel development, many
of the mechanisms controlling this important process remain
elusive.
Fig. 1. Typical morphologies of maize kernels at various days after pollination
(DAP).
379X. Liu et al. / Genomics 91 (2008) 378–387DNA microarray technology has become a valuable tool
in the search for the control of complex pathways and path-
way interactions in animal, plant, and microbial development
[12–14]. There also have been a few paradigms about plant seed
development generated using microarray technology [15–19].
Lee and colleagues [16] reported the expression profiles of
developing maize embryos using a cDNA microarray contain-
ing 1500 probes. However, there has still been no report on a
large-scale gene expression analysis of the entire developmental
process of maize kernel. The current study focused on the gene
expression analysis of developing maize kernels using genome-
scale oligonuleotide arrays to facilitate the dissection of the
underlying molecular basis of kernel development in an integ-Fig. 2. Genes differentially expressed during various phases of kernel development in
of kernel development were separated into two groups according to whether they we
number of differentially expressed genes during specific developmental phases of k
DAP, 5 to 10 DAP, 10 to 15 DAP, 15 to 25 DAP, and 25 to 35 DAP. The overlapperated way. The objectives were to extensively examine (1) the
temporal patterns of gene expression during kernel develop-
ment, (2) the expression and regulation models of genes in-
volved in cell division and kernel filling, and (3) the regulation,
at the transcript level, of the phytohormone signaling pathways
during the kernel development.
Results
Maize kernels collected at 1, 5, 10, 15, 25, and 35 days after
pollination (DAP) were used to analyze the temporal gene
expression profiles and patterns during the kernel development
from fertilization to physiological maturity (Fig. 1). During the
early kernel embryogenesis, before 15 DAP, embryo develop-
ment focused on formation of the tissues and organs, and cell
proliferation and enlargement were the dominating activities;
however, storage of nutrients in the kernel began at 10 DAP.
From 15 DAP onward, the accumulation of storage nutrients
was accelerated and the kernels expressed the shape of the X178
inbred line. Further, the maturation of maize kernels was
characterized by the emergence of a black layer [2].maize. (A) Genes differentially expressed during specific developmental phases
re significantly up-regulated or down-regulated. (B) Venn diagram showing the
ernel development. Five ellipses represent different comparative phases, 1 to 5
d sectors show the number of genes expressed jointly among various phases.
Table 1
Functional grouping of genes differentially expressed during maize kernel development
Functional category Developmental phase
Total 5 DAP/1 DAP 10 DAP/5 DAP 15 DAP/10 DAP 25 DAP/15 DAP 35 DAP/25 DAP
Biogenesis of cellular
components
121 14% 31 30% 54 13% 42 11% 15 19% 3 27%
Cell cycle and DNA processing 60 7% 20 20% 32 8% 17 4% 1 1% 1 9%
Cell fate 61 7% 8 8% 36 8% 18 5% 3 4% 1 9%
Cell rescue, defense,
and virulence
78 9% 12 12% 23 5% 48 13% 5 6% 1 9%
Cellular communication/signal
transduction mechanism
71 8% 8 8% 17 4% 43 11% 4 5% 2 18%
Cellular transport, transport
facilitation, and transport
routes
92 10% 8 8% 29 7% 49 13% 15 19% 2 18%
Development 57 6% 8 8% 28 7% 18 5% 4 5% 1 9%
Energy 100 11% 1 1% 55 13% 52 14% 15 19% 1 9%
Interaction with the cellular
environment
18 2% 1 1% 12 3% 4 1% 2 2% 1 9%
Interaction with the environment 34 4% 3 3% 15 4% 14 4% 3 4% 1 9%
Metabolism 272 31% 18 18% 128 30% 136 35% 49 60% 3 27%
Protein-related function (fate,
binding, and synthesis)
274 31% 30 29% 182 43% 63 16% 8 10% 2 18%
Transcription 66 7% 4 4% 22 5% 42 11% 3 4% 1 9%
380 X. Liu et al. / Genomics 91 (2008) 378–387Differentially expressed genes in the developing kernels
In total, 3445 differentially expressed genes (pb0.01) were
detected during the process of kernel development using appro-
ximately 58,000 oligonucleotide probes (Table S1). Most dif-
ferentially expressed genes (1902) were observed between 10 and
15 DAP, whereas only 35 genes with significant fold changes
occurred between 25 and 35 DAP (Fig. 2A). The majority of
genes (3072 genes of 3445) were differentially expressed only inFig. 3. Patterns of gene expression in developing maize kernel. Differentially expr
K-means clustering algorithm. The ratio value (in log2 scale) of expression is on th
x axis. The curve represents the mean of the expression ratio (in log2 scale) in each
developmental times 1, 5, 10, 15, 25, and 35 DAP. Tick marks on the x axis for 1 aone specific phase (Fig. 2B). About 10% of the genes (334) were
found to be differentially expressed in two phases, 36 genes in
three phases, and 3 genes in four phases. Both up- and
downregulation took place during the entire process of kernel
development. Up-regulated gene expression dominated from the
period of 5 to 25 DAP whereas down-regulated gene expression
dominated from 1 to 5 DAP and from 25 to 35 DAP (Fig. 2A).
To examine the functions of the differentially expressed
genes, they were grouped into several functional categoriesessed genes across all six time points were grouped into 10 clusters using the
e y axis and the time of development in days after pollination (DAP) is on the
cluster and error bars represent the SD. Tick marks on the x axis represent the
nd 35 DAP overlap with the sides of the cluster boxes.
381X. Liu et al. / Genomics 91 (2008) 378–387based on Mips Functional Catalogue, which was developed for
Arabidopsis (http://mips.gsf.de). Among the 3445 differentially
expressed genes, 882 genes could be grouped into at least one
functional category, whereas the remaining 2563 genes were
still unclassified. Most of the 882 genes were in the metabolism
(31%), protein-related function (31%), and biogenesis of cel-
lular components (14%) groups (Table 1). Further analysis
showed that the percentages of genes in each functional cate-
gory were varied at various developmental phases. In the
comparison of 1 to 5 DAP, the most abundant functional cate-
gories included the biogenesis of cellular components (30%),
protein-related function (29%), and cell cycle and DNA pro-
cessing (20%). In the comparison of 5 to 10 DAP, most of the
genes belonged to protein-related function (43%), metabolism
(30%), biogenesis of cellular components (13%), and energy
(13%). In the comparison of 10 to 15 DAP, the most abundant
functional categories were metabolism (35%) and protein-
related function (15%). In the comparison of 15 to 25 DAP, the
majority of differentially expressed genes belonged to metabo-
lism (60%), biogenesis of cellular components (19%), cellular
transport, transport facilitation, and transport routes (19%), and
energy (19%). In the comparison of 25 to 35 DAP, genes
included in metabolism had the highest proportion, accounting
for 27%. These results showed that genes involved in bio-
genesis of cellular components, cell cycle, and DNA processing
were differentially expressed mainly in the early stages of kernel
development; the percentage of genes involved in metabolism
began to increase after 10 DAP and peaked at 25DAP.
Global patterns of transcript accumulation in maize kernel
development
To elucidate the expression profiles of differentially expressed
genes, we transformed the comparison of two consecutive time
points into a comparison with the expression level at 1 DAP as a
common reference. A selection of the differentially expressed
genes (110) are listed in Table S2, which includes genes related to
cell division, cell wall formation, starch metabolism, fat acid
metabolism, storage protein, and hormone signaling pathway.
Based on the transformed comparison data, the differentially
expressed genes were grouped into 10 clusters using a K-means
clustering algorithm (Fig. 3). The gene number of each cluster
ranged from 51 (Cluster 1) to 942 (Cluster 10). On the basis of the
mRNA accumulation trends, the 10 K-means clusters of gene
expression patterns were further sorted into three classes: up-
regulated (Clusters 1, 4, 8, and 9), down-regulated (Clusters 5 and
7), and up-down-regulated group (Clusters 2, 3, 6, and 10). The
changes in magnitudes of gene expression level during the kernel
development were not uniform and the largest changes were
found inClusters 1, 3, and 4. The expression of genes inClusters 1
and 4 were up-regulated from 5 to 35 DAP with expression peaks
at 10 and 15 DAP, respectively. Cluster 1 included the genes
related to nutritional transport and defense such as BETL2 and
BAP and some genes related to starch synthesis including AGP
and SSS. Cluster 4, in addition to genes related to nutritional
transport and defense such as BETL3, BETL4, BAP, ESR, and
HB, also had several genes involved in the metabolism of starch(i.e., AGP, SBE, sucrose synthase) and fatty acid (i.e., long-chain
acyl-CoA synthetase 7, acetyl transferase protein, cysteine
proteinase, serine carboxypeptidase I precursor).
Clusters 3, 8, 9, and 10 exhibited similar expression patterns
showing peak expression at 15 DAP and dropping thereafter.
The gene expression in Cluster 3 was down-regulated at 5 and
10 DAP, whereas there was almost no dramatic transcription
change before 10 DAP in the other three clusters. The fold
changes of gene expression in Clusters 3 and 9 were higher than
those in Clusters 8 and 10. Most genes in all four clusters were
involved in kernel filling, such as storage proteins (e.g., zein,
globulin), protein synthesis (e.g., aspartate aminotransferase,
translation initiation factor IF-2, translation releasing factor 2,
polyadenylate-binding protein), starch synthesis (e.g., invertase,
sucrose synthase, SSS, GBSS, SBE, AGP, SDBE), and fatty
acid synthesis (e.g., enoyl-ACP reductase, malonyl-CoA:Acyl
carrier protein transacylase, stearoyl-acyl-carrier protein desa-
turase, acyl carrier protein, long-chain acyl-CoA synthetase 7).
Interestingly, the majority of zeins were found in Clusters 3 and 9.
Genes related to the abscisic acid (ABA) signaling pathway (e.g.,
serine/threonine protein kinase, transcription factor MYC7E) and
the gibberellin (GA) signaling pathway (e.g., DELLA protein)
were also included in these four clusters.
Cluster 2, which contained 209 genes, showed an increasing
trend at the transcript level at 25 and 35 DAP. This cluster
included genes related to kernel maturity, desiccation, and
defense, such as LEA proteins and seed mature proteins. Seve-
ral genes involved in the ethylene signal pathway (e.g., putative
ethylene receptor-like protein 2, putative transcription factor
EIL1, putative ethylene-responsive transcription factor 3) were
also included in this cluster.
The most notable feature of Cluster 6 was that the gene
expressionwas first up-regulated at 5 and 10DAP and then down-
regulated. In addition, many of the genes in this cluster were
related to cell division, including the cell division cycle protein 5
(CDC5) and a putative cyclin-dependent kinase (CDC2). There
were also genes involved in cytokinin and auxin responses (e.g.,
beta-glucosidase, auxin-independent growth promoter, AUX1-
like permease).
The genes inClusters 5 and 7were down-regulated at the entire
kernel developmental process. The expression levels of these
genes decreased from 5 DAP and reached the lowest level at 15
DAP; thereafter, the expression level stayed stable. The two
clusters included genes involved in cell replication (e.g., histones,
tubulins, cyclins), cytokinin response (e.g., beta-glucosidase), and
auxin reponse (e.g., AUX1-like permease, auxin response factor).
Significantly regulated metabolic pathways and transcription
factor families
To elucidate the roles of various metabolic pathways in
kernel development, the enrichment of expression was analyzed
by annotating the differentially expressed genes into different
metabolic pathways (Table S3). The overrepresented pathways
included amino acid metabolism, carbohydrate metabolism,
lipid metabolism, biosynthesis of secondary metabolites, trans-
lation process, and energy metabolism. It should be noted that
Table 2
Statistical enrichment analysis for transcription factors
Transcription
factor family
Background Total 5DAP/1DAP 10DAP/5DAP 15DAP/10DAP 25DAP/15DAP 35DAP/25DAP
number number p value Number p value Number p value Number p value Number p value Number p value
ABI3VP1 48 2 2.4E-01 - - - - 2 2.6E-01 - - - -
AP2-EREBP 195 14 8.8E-02 1 3.7E-01 4 2.0E-01 8 1.2E-01 3 1.0E-01 - -
bHLH 203 9 8.3E-02 - - 3 1.8E-01 5 1.4E-01 2 2.4E-01 - -
bZIP 162 17 9.1E-03 1 3.7E-01 3 2.2E-01 16 7.5E-05 - - - -
C3H 178 11 1.2E-01 - - - - 11 2.0E-02 - - - -
CCAAT-HAP2 14 3 4.0E-02 - - - - 3 9.1E-03 - - - -
HB 192 11 1.2E-01 2 2.0E-01 4 2.0E-01 6 1.6E-01 - - 1 1.0E-01
HMG 26 6 3.1E-03 4 1.4E-05 - - 3 4.3E-02 - - - -
MYB 242 9 3.7E-02 1 3.5E-01 - - 5 9.0E-02 3 1.4E-01 - -
NAC 146 9 1.4E-01 1 3.6E-01 3 2.3E-01 6 1.4E-01 - - - -
PLATZ 17 3 6.2E-02 2 4.1E-03 2 4.4E-02 1 3.3E-01 2 5.5E-03 - -
SET 59 5 1.4E-01 2 4.1E-02 1 3.6E-01 3 1.8E-01 - - - -
WRKY 129 7 1.5E-01 2 1.3E-01 - - 4 2.0E-01 2 1.6E-01 1 7.3E-02
The symbol “-” represents not available. The data in bold face represent significant difference at pb0.01 in the consecutive comparison of time points.
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during 5 to 10 DAP and 15 to 25 DAP. Starch and sucrose
metabolism was enriched in the comparison of 5 to 10 DAP and
10 to 15 DAP, whereas fatty acid biosynthesis was enriched to a
significant degree only between 5 and 10 DAP. The majority of
overrepresented pathways correlated with amino acid metabo-
lism were observed in 5 to 10 DAP and 15 to 25 DAP.
Several types of transcription factors were included in the
differentially expressed genes (Table 2), with the most from the
bZIP family and the second most from the AP2 family. Overall,
most transcription factors were found between 10 and 15 DAP.
In addition, all of the C3Hs, two ABI3VP1s, and five MYBs
were differentially expressed only between 10 and 15 DAP
whereas the other three MYBs were expressed between 15 and
25 DAP. The enrichment analysis showed that the bZIP and
HMG families were overrepresented ( pb0.01) compared to the
complete chip background.
Real-time PCR
To confirm the accuracy and reproducibility of the micro-
array results, 30 differentially expressed genes were selected for
confirmation by real-time PCR (Table S5). The real-time PCR
results showed that the expression trends of these genes were
almost consistent with the results of that from the microarray
analysis. However, given the wider dynamic range and better
sensitivity of real-time PCR [20], the variation of differentially
expressed genes from real-time PCR was more significant than
those from the microarray analysis.
Discussion
Expression changes of marker genes ZmFIE1 and O2 in the
study
Before collecting the differentially expressed genes, the
detection efficiency of the microarray was validated by tracing
the expression profiles of marker genes, of which the expression
patterns had been well characterized. ZmFIE1 was reported to beexpressed exclusively in the maize endosperm starting at 6 DAP
[21]. In our microarray, ZmFIE1 (MZ00040727) was differen-
tially expressed exclusively in the comparison of 5 and 10 DAP,
which was consistent with the previous report. Another marker
gene, O2, was detected at 10 DAP with a continuous accumu-
lation in the endosperm over a period of 20 days [6]. Our results
showed that the O2 genes (MZ00040781, MZ00040782) began
to be up-regulated between 5 and 10 DAP, which was also
consistent with the previous finding. The common expression
profiles of the ZmFIE1 and O2 also implied that the samples for
our microarray analysis were isolated at appropriate time points.
Cell division and expression of related genes
Although the embryo and endosperm within the kernels
followed different physiological and developmental mechan-
isms, cell proliferation and enlargement dominated in the kernel
development before 15 DAP, which could be supported by the
fact that the up-regulated genes related to the formation of cell
wall and the regulation of cell division were differentially
expressed mainly from 5 to 15 DAP (Table S2). Through
sequence similarity search and gene expression study, a simple
hypothesis of the network for the regulation of cell division in
maize kernel development was proposed (Fig. 4, Table S2). The
relationships among these genes are considered with regard to
three pathways: CDC2, SCF, and CDC5.
CDC2 pathway. The cyclin-dependent kinases (CDKs)
governed the plant cell cycles, which were remarkably con-
served in plants [22]. In our results, most genes involved in the
regulation of the cell cycle were in Clusters 5, 6, and 7. For
example, one gene in Cluster 6 (MZ00025065) encoded the
CDC2 protein, which was considered a member of the Ser/Thr
protein kinase family and might control the G1-S-G2-M check-
point transition during the whole circle by forming a CDK–
cyclin complex [22,23]. Based on the research in Arabidopsis,
the CDC2 protein belonged to the B-type CDKs [24]. More-
over, many cyclins were also found in Clusters 5 and 10.
Therefore, it was proposed that the CDC2 kinase in our study
might associate with the cyclins to form a CDK–cyclin complex
Fig. 4. Scheme representation of differentially expressed genes involved in cell division in kernel development of maize. The rectangle with color scale shows temporal
changes of expression level of genes. Up-regulated and down-regulated genes are shown in red and green, respectively: the higher the fold change (in log2 scale), the
brighter the color. Arrows represent promotion of processes. Bar represents inhibition of the indicated process. Gray boxes represent genes that could not be determined
in our results.
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phosphorylation and dephosphorylation. Beta-glucosidase
could supply the developing maize embryo with active cyto-
kinin [25], which stimulates tyrosine dephosphorylation and
activates CDC2 kinase [26]. From our results, one gene enco-
ding a beta-glucosidase (MZ00023721) was found in Cluster
6. The identical expression patterns of beta-glucosidase and
CDC2 kinase indicate that beta-glucosidase in maize kernel
development also stimulates tyrosine dephosphorylation, acti-
vates CDC2 kinase, and indirectly promotes cell division. It was
also reported that the cyclin-dependent kinase inhibitor protein
(CKI) could inhibit the CDK activity and regulate the cell
cycle before differentiation [27]. The distinct downregulation of
CKI (MZ00047284) possibly ensures that just enough activ-
ated cyclin-dependent kinases are produced to support the cell
division.
SCF pathway. Proteolysis was considered an important step
in assuring the unidirectional moves of the cell cycle by trig-
gering the rapid degradation of target proteins which in turn
drove the cycle forward [22]. SCF complex, consisting of SKP1,
Cullin, and F-box, could associate with E3 and help in the
recruitment and degradation of target proteins during the G1-S
transition of the cell cycle [28]. In our results, genes encoding
SKP1 (MZ00008499), Cullin (MZ00007379), and F-box (e.g.,
MZ00002418, MZ00005849) were differentially expressed,
which suggested the existence of SCF complex pathway in the
regulation of cell division in maize. It was reported that the auxin
response also depended on the regulation of the SCF E3–ubiquitin–protein complex[29]; consequently, an increase in the
SKP1 transcription might promote an endogenic auxin response
and activate the cell division cycle. Interestingly, one gene en-
coding a putative AUX1 permease (MZ00015933) was identified
in Cluster 6, which was up-regulated from 5 to 10 DAP and
down-regulated from 15 to 35 DAP. The upregulation of
MZ00015933 expression in maize kernels might promote the
cell division through auxin transport.
CDC5 pathway. One gene encoding a putative CDC5
(MZ00018435) was also found in Cluster 6. As a DNA-binding
protein, CDC5 was considered an activator of the APC, which
regulated the G2-M transition of cell cycle through targeting
cyclins for degradation [30,31]. In our results,MZ00018435was
up-regulated from 5 to 15 DAP and down-regulated thereafter,
which suggested that the putative maize CDC5 might support
the activity of cell division during the early kernel development.
Kernel filling and expression of related genes
During the kernel development, large quantities of carbohy-
drates, proteins, and lipids accumulate. This section will discuss
the expression patterns of genes related to the synthesis of the
main reserves in maize kernels.
Starch. Starch represents the majority of reserve products in
maize kernels. In plants, the main function of sucrose synthase
is cleaving sucrose to produce UDPG, which ultimately pro-
vides increased quantities of glucosyl for starch product-
ion. Four genes encoding sucrose synthase (MZ00007493,
384 X. Liu et al. / Genomics 91 (2008) 378–387MZ00026383, MZ00035504, and MZ00037218) were signifi-
cantly up-regulated from 10 DAP (Table S2), which may imply
their essential functions in supplying raw materials for starch
synthesis. In addition, our results also showed another 24
differentially expressed genes which putatively encoded the five
major enzymes for starch synthesis, including ADP glucose
pyrophosphorylase (AGP, seven isoforms), soluble starch
synthase (SSS, six isoforms), granular-bound starch synthase
(GBSS, three isoforms), starch branching enzyme (SBE, five
isoforms), and starch debranching enzyme (SDBE, three iso-
forms). The expression of these genes and overrepresention
of starch and sucrose metabolism might imply that the large
quantities of starch accumulation occurred from 10 DAP,
peaked at 15 DAP, and remained steady thereafter. Furthermore,
the gene encoding starch synthase IIa (MZ00024289) was
evidently up-regulated since 5 DAP. In wheat, there was also
one starch synthase that was up-regulated at 3 DAP [19]. The
similar results in maize and wheat might imply that the starch
synthesis was initiated at a very early stage of kernel
development.
Storage protein. Prolamins, called zeins in maize, comprise
approximately 50% of the total proteins in mature maize kernels.
In our study, a large quantity of zeins was found differentially
expressed and the significant increase generally took place at 15
DAP, which was similar to the results of Thompson and Larkins
[32]. Genes encoding globulins, another kind of protein in maize
kernel, were expressed similar to zeins (Table S2). In most cases,
storage protein synthesis appeared to be transcriptionally reg-
ulated [33], so the high expression levels of genes encoding zeins
and globulins may result directly in the massive accumulation of
storage proteins. The simultaneous expression of numerous genes
may suggest the presence of a common factor(s) regulating their
expression. Zeins, largely 22 kDa, were reduced by 60–80% in
O2 mutants of maize [8], which implied the regulatory function
of O2 on zeins. In our study, all of the genes encoding O2
belonged to Cluster 9, whereas genes encoding zeins belonged to
Clusters 3 and 9. The close relationship betweenO2 and zeins was
demonstrated by their similar expression patterns. Interestingly, a
putative serine/threonine protein kinase gene (MZ00041067) had
identical expression pattern as zeins in Cluster 3. To our surprise,
the orthologue of this kinase was uniquely expressed in the Ara-
bidopsis seed/siliques [34]. This similarity in the expression
pattern of the gene in maize and Arabidopsis suggested that it
might play a prominent role in the kernel filling, especially storage
protein formation.
In our study, three genes encoding LEA proteins (late em-
bryonic abundant proteins; MZ00026333, MZ00028039,
MZ00040778) were up-regulated from 25 or 35 DAP, similar to
the findings of other research [19,35]. In addition, genes encoding
other seed mature proteins (MZ00007111, MZ00029271) be-
longed to the same cluster as the LEA protein, which suggested
that they might play a similar role during kernel maturation.
Fatty acid. Genes involved in fatty acid synthesis include
those encoding enoyl-Acp reductase, malonyl-CoA:Acyl carrier
protein transacylase, beta-ketoacyl-ACP synthase I, and fatty
acid desaturase. These genes were significantly up-regulated
from 10 DAP (Table S2), which was in good agreement with theliterature [16]. Storage lipids in maize kernels were packaged
into lipid bodies for storage [36]. In our study, genes encoding
the lipid body proteins, including steroleosin, oleosin, and
caleosin (MZ00008434, MZ00022778, MZ00043986), were
significantly up-regulated from 25 DAP and continued to
increase until 35 DAP. This suggested that the expressions of
genes related to fatty acid synthesis occurred prior to lipid body
proteins for oil storage.
Phytohormone signaling pathways and expression of related
genes
Phytohormones regulate plant development via a complex
signal response network. Genes involved in the signaling path-
way of five major plant hormones, namely auxin, cytokinin,
gibberellin, abscisic acid, and ethylene, are discussed in this
section. In our study, there were 11 differentially expressed
genes involved in the auxin signaling pathway through the entire
developing process (Tables S1 and S2). Our study elucidate the
importance of the auxin signaling pathway in kernel develop-
ment in maize; however, further research to elucidate the
network of this pathway in kernel development is warranted.
The differential expression of the gene encoding beta-glucosi-
dase (MZ00023721) indicated the action of cytokinin on kernel
development in promoting the cell division as mentioned above.
In the GA signaling pathway, a gene encoding a putative
DELLA protein (MZ00035472) was significantly up-regulated
and peaked at 15 DAP. The DELLA protein functioned as a
negative regulator of GA signaling and its degradation through
the ubiquitin/proteasome pathway was a key event in the regu-
lation of GA-stimulated processes [37]. MZ00050032, a putative
homolog of gibberellin receptor GID1 (GA-insensitive dwarf1),
had an expression pattern similar to that of MZ00035472. The
GID1 protein may be involved in the degradation of the DELLA
protein, which indirectly promoted the GA-mediated action.
Therefore, the differential expression of genes MZ00035472 and
MZ00035472 suggested the exsistence of GA signaling response
in maize kernel development.
All genes involved in the abscisic acid signaling pathway started
to be differentially expressed from 15 DAP onward and almost all
genes were significantly up-regulated throughout the development
of kernel, except a gene encoding a putative protein phosphatase
type 2c (PP2C; MZ00029177), which was down-regulated at each
of the six time points. PP2C was a negative regulator of the ABA
signaling pathway; transient expression of PP2C blocked the
expression of both ABA-inducible and ABA-repressible genes
[38]. So the reduction in the PP2C transcripts may enhance the
maize kernel's responsiveness to the ABA. It was reported that
ABA was an important regulator of storage protein genes during
seed development [39,40]. The upregulation of a putative inositol-
1,4,5-trisphosphate 5-phosphatase 1 (IP5P1), a transcription factor
(AtMYC2), and several serine/threonine-protein kinases (SAPK1,
SAPK3, SAPK8, SAPK10) during the later phase of kernel
development supported the role of the ABA signaling pathway in
the maize kernel filling and maturation processes.
Our results indicated that genes encoding a putative ETR2
(MZ00050633), a putative EIL1 (MZ00046738), and a putative
385X. Liu et al. / Genomics 91 (2008) 378–387EIN2 (MZ00031219) were up-regulated after 25 DAP. Based on
the ethylene signaling transduction model in Arabidopsis [41],
it was speculated that the ethylene signaling pathway played an
important role in the later stage of maize kernel development. At
25 DAP, plenty of ethylene receptors ETR2 were produced in
maize kernels. The ethylene then bound to the receptors and
turned CTR1 off. Further, inactivation of CTR1 resulted in the
activation of EIN2, and consequently the activation of the
transcriptional cascade included the EIN3/EIL and the ERF.
Therefore, the ethylene response of kernel was elevated drama-
tically at 25 DAP in preparation for the subsequent maturation
of kernel.
Transcription factors and protein kinases
Among the differentially expressed transcription factors
(Table S1, Table 2), there were 17 bZIPs including nine O2,
which regulated the expression of zeins as mentioned before.
A gene encoding TGA21 homolog (MZ00007329), upreg-
ulated from 10 to 35 DAP, may mediate auxin- and salicylic-
acid-inducible transcription [42]. The homologs of GBF3
(MZ00017390) and CPRF-2 (MZ00026870), which had the
highest expression at 15 DAP, may bind to the promoters of
genes regulated by multiple stimuli such as light and hormones
[43,44]. It was concluded, therefore, that the bZIP transcription
factors might play a significant role in kernel filling and res-
ponse to hormones.
In Arabidopsis, BBM1, a member of AP2/ERF superfamily,
acted as a transcription activator in promoting cell proliferation,
differentiation, and morphogenesis, especially during embry-
ogenesis [45]. In our study, a gene encoding a BBM1-like
protein (MZ00026565) was up-regulated during kernel devel-
opment, which might suggest that it also played a similar role in
the differentiation of maize embryogenesis.
Zhu and colleagues [46] found that MYB transcription factors
played a role in the grain filling of rice. Our results showed that
MYB transcription factors worked similarly on the kernel filling
of maize. The C3H transcription factors were differentially
expressed only between 10DAP and 15DAP, whichmay suggest
its importance during the early stage of kernel filling.
Moreover, many putative protein kinase genes were found
differentially expressed at various time points in our study,Fig. 5. Loop design for microarray experiment. RNA level at a specific time point was
represents independent RNA labeling and hybridization, wherein the RNA at the tail
with Cy3.which illustrated the depth of signaling transduction penetration
during kernel development (Table S1). For example, EXS, a
member of LRR (leucine-rich repeat family protein) subfamily,
might be required for enhancing cell size and the rate of
embryonic development [47]. In our results, a LRR member
(MZ00002544) was evidently up-regulated at 15 DAP, which
suggested that this kinase might function in forming organs in
the maize embryo. However, elucidation of the function of these
protein kinases needs further work.
Materials and methods
Kernel collection
The maize inbred line X178 was planted on the China Agricultural
University research farm. Each plant was self-pollinated by hand. The ears were
harvested from healthy plants at 1, 5, 10, 15, 25, and 35 DAP, respectively. To
increase the uniformity of the isolated kernels, the upper half and about one-
sixth of ears from the bottom were cut and discarded; then the kernels were
isolated from the remaining parts of the ears. Samples at each time point were
collected from at least 30 ears and pooled to represent the line characteristics of
X178. Two subsamples for replication in the microarray analysis were randomly
drawn. The collected samples were frozen in liquid nitrogen immediately and
stored at -80 °C.
Total RNA extraction
Total RNAwas extracted using a modified hot phenol method [48]. One-third
volume of KAC (pH 5.8) was added to the extraction buffer to eliminate the
influence of soluble sugars on the total RNAs of kernels at 1, 5, and 10 DAP. The
total RNA samples were treated with RQ1 DNase (Promega, USA) to remove any
contaminating DNA. The total RNA integrity was measured using a 2% agarose
gel with ethidium bromide and then UV-visualized. Ultraviolet absorption was
used to confirm the quality and concentration of the isolated RNA.
Microarray experiment
Maize long oligonucleotide arrays (Maize Oligonucleotide Array Project,
version 1.10) were used for the study. The arrays consist of 58,000 oligonucleotide
probes, representing N30,000 identifiable unique maize genes. The probes were
designed based on EST, cDNA, and genomic sequences mainly from TIGR Maize
Gene Index, Consortium for Maize Genomics, the PLANTand dbEST divisions of
GenBank, and individual investigators. Hybridization of slides was performed
according to the manufacturer's instructions (http://www.maizearray.org/). The
hybridized slides were scanned by a Genepix 4000B (Axon, USA). A loop design
[49] was applied for running the microarray (Fig. 5). A loop design was chosendirectly compared with the RNA level from two adjacent time points. The arrow
end of the arrow is labeled with Cy5 and the RNA at the head of arrow is labeled
386 X. Liu et al. / Genomics 91 (2008) 378–387because the comparison between consecutive time points was of more interest than
comparisons to a common reference. The loop design could also produce more
robust results [49] in the comparison of gene transcription levels during sequential
developmental phases, especially in detecting signals between long interval samples.
Samples from two consecutive time points were paired and labeled using
different fluorescent dyes (Cy3 and Cy5) and hybridized in the same array. Two
replicates of each pair of samples were carried out to test both the reproducibility
and the quality of the chip hybridizations.
Data analysis
Raw data from microarray hybridization, exported from GenePix suites 6.0
(Axon, USA), was imported into LIMMA with annotation and spot types [50].
Spots with a negative flag value were assigned a weight of 0.1 in the subsequent
analysis. Background-subtracted signal intensities were normalized using a two-
step normalization: print-tip group loss (within-array normalization) and then
between-array scale normalization. Statistical values for gene expression of sample
pairs were calculated after fitting a linear model provided by LIMMA. The adjusted
p value was then assessed using the false discovery rate [51]. To identify statistically
significant differentially expressed genes pb0.01 was used as a criterion.
To obtain probe annotations, the consensus representative sequences of all
probes were searched using BLAST against the TIGR rice protein database
(http://www.tigr.org/), the TAIR Arabidopsis protein database (http://www.
arabidopsis.org/), and the Uniprot Knowledgebase (http://www.ebi.ac.uk/),
including Swissprot Knowledgebase and Trembl database. The functional
annotations were then assigned based on sequence similarity (E-valueb1e-5)
with manual adjustment when necessary. All probes were grouped into
functional categories and metabolic pathways based on Mips Functional
Catalogue (http://mips.gsf.de/) and KEGG [52]. According to the method in the
literature [53,54], we identified the statistically enriched KEGG pathways and
gene families of transcription factors in differentially expressed genes based on a
background distribution from the whole chip. The hypergeometric distribution
was used to calculate the p value: N, total genes in the given chip;M, total genes
in the investigated functional group (metabolic pathway or gene family); n, total
genes in a given gene set; m, total genes in the same functional group among n.
P ¼ 1
Xm1
i¼0
M
i
 
N M
n i
 
N
n
 
To perform the clustering analysis of differentially expressed genes, the
comparison of two consecutive time points was transformed into a comparison
using 1 DAP as a common reference point. Ten groups adopting K-means
algorithm [55] were created using the Calculated Means mode with Euclidean
Distance based on log fold change data.
Microarray data from this article have been deposited in the Gene
Expression Omnibus database at the National Center for Biotechnology Infor-
mation under the series Accession No. GSE 9386.
Real-time PCR
A5-μg sample of total RNAwas used for cDNA synthesis using the Invitrogen
Reverse Transcription Reagents Kit (Invitrogen, USA). Gene-specific primers
were designed using the Primer Express 2.0 software (Applied Biosystems, USA)
and synthesized in Shenggong Cooperation (Shenggong, China). Primers used in
the real-time PCR are listed in Table S4. Relative quantitative analysis was
performed using an Applied Biosystems 7900HT (Applied Biosystems, USA)
under the following conditions: 94 °C/3 min (1 cycle); 94 °C/30 s, 60 °C/30 s,
72 °C/30 s (40 cycles). Transcript abundances were identified using SYBR Green
PCR Master Mix (Applied Biosystems, USA). Each reaction contained 1×mix
buffer, 0.25 μM each primer, and about 2 ng cDNA in a final volume of 20 μl.
Three replicates were employed for each tested sample and template-free negative
controls. Alpha-1 tubulin was used as an internal control to normalize all data.
Melting curves were performed on the product to test if only a single product was
amplified without primer–dimers and other bands. The resulting products with all
primer combinations were initially visualized on 2% agarose gel to confirm the
generation of a single product of the correct size.Acknowledgments
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